Following the injection of any one of various antigens into humans (1, 2) and rabbits (3-5), rapidly sedimenting antibody molecules (19S) first appear in the circulation, and later are replaced by molecules of 7S sedimentation constant. Similar results were obtained after injection of bacteriophage q~X 174 into guinea pigs (6), newborn humans (7), sheep embryos (8), and several non-mammalian vertebrates (9), indicating the general occurrence of this sequence in the immune response.
supplied by Dr. R. L. Sinsheimer, contained 9 X 1013 particles/ml, of which 2.4 X 1018/ml were plaque-formers. This latter preparation was slightly less immunogenic than the first, as shown by comparison of antibody responses after injection of guinea pigs with equal quantities of plaque-forming phage. Therefore, where major differences in responses to these two preparations were observed, Sinsheimer's ~bX will be designated q~X (A) and the other stock designated q~X (B).
T9 bacteriophage, containing 10 TM plaque-forming particles/ml, was prepared by the method described in Adams (11) .
In this paper the number of phage particles will refer only to the plaque4ormers.
Iramunization.--Dilutions of phage in saline were injected intravenously into the hind leg of 400 gm Hartley guinea pigs or into the ear of 2 kg rabbits. Several guinea pigs were injected intraperitoneally with 10 #g of endotoxin (Difco Salmonella enteritidis lipopolysaccharide control No. 116644) contained in 0.1 ml of saline. At intervals after immunization, guinea pigs were bled from the retro-orbital venous plexus using capillary pipettes, and rabbits from the ear vein.
Antibody Determina~ions.--The assay for antibody was carried out by the method described by Adams (11) . The inactivation of phage by antibody follows first-order kinetics described by the relationship ln(PjPo) = kt/D. Po is the phage assay at zero time; P, is the phage assay at time t minutes; D is the final dilution of antiserum; and k minutes -1 is the first order inactivation constant. Certain conditions necessary to obtain k have previously been described (6) . Because in previous studies the neutralizing activity of several sera containing 19S antibody fell after storage at -10°C for 6 months, all antibody titrations were performed within several weeks after obtaining the serum samples. Titrations were usually done at the same time on a series of bleedings from one animal and its control. These sera usually defined the kinetics of a particular antibody response, e.g., the primary 19S response. Double diffusion in agar was carried out by the method of Preer (12) using as antigen S X (A) at a concentration of 2.4 X 10n/ml. A sonicated preparation of E. coli C (10 kv for 15 minutes of a culture containing 5 M 109 organisms/ml) was used to detect precipitating antibody against bacterial antigens. The tubes were kept on their sides at 4°C and observed for 4 weeks.
Physicochemical Characterization of Antibody.--Density gradient ultracentrifugation was kindly performed for us by Dr. E. Franklin. 0.2 to 0.25 ml whole serum was layered over a gradient formed from 21, 14, and 7 per cent saline in a Spinco model L ultracentrifuge with an SW 39 swinging-bucket rotor (13) at 22,000 l~l,~r for 15 to 16 hours. The fractions were collected through a small perforation placed at the bottom of the centrifuge tube. Protein concentrations were determined by the Folin-Ciocalteu method (14) . Samples were then pooled to obtain a rapidly sedimenting fraction rich in 19S qt-globuHn and essentially free of 7S l-globulin molecules, and a second fraction containing the bulk of 7S "y-globulin and only small amounts of 19S 'y-globulin. An intermediate fraction containing a mixture of the two types of molecules was not used. The fractions were extensively dialyzed against normal saline prior to assay for antibody activity.
Antibody was also treated with 2-mercaptoethanol (2-ME). A 1:6.7 or more dilution of serum in a final concentration of 0.1 ~ 2-ME was incubated for 30 minutes at 37°C. Serum diluted less than 1:6.7 usually developed macroscopic precipitation. Titrations of antibody were performed without the removal of 2-ME.
X-Irradiation.---400 r whole body x-irradiation was administered to 2 kg rabbits by a 220 kv Picker x-ray machine (Picker X-Ray Corp., Cleveland). The rabbits received half their irradiation from each side at a distance of 38 cm from the tube. With the machine operating at 220 kv and 20 ma, and using a filter of 0.5 mm of copper and 1 mm of aluminum, 51 r per minute were delivered as a midphantom dose as measured by a Victoreen ionization meter (The Victoreen Instrument Co., New York) on a revolving platform.
RESULTS

Sedimentation Properties and 2-Mercaploethanol (2-ME) Susceptibility.--
Previous studies of gamma globulin molecules formed in humans (15) , rabbits (4) , and chickens (9) revealed that rapidly sedimenting molecules (19S) are depolymerized by 0.1 ~r 2-ME with complete loss of antibody activity. In contrast, slowly sedimenting (7S) molecules do not lose antibody activity after this treatment.
To test for a similar correlation between sedimentability and susceptibility to 2-ME treatment with guinea pig gamma globulin, two guinea pigs were immunized with 101° ~X. One 0.1 xr 2-ME for 30 minutes at 37°C. § Injected twice intravenously with 10 u ~X 4 weeks apart and bled 4 days after second challenge.
animal was bled at 9 days, the second at 7 and 17. A third guinea pig was injected twice with 10 u ~X 4 weeks apart and bled 4 days after the second challenge. Using these4 sera, antibody determinations were performed on untreated and 2-ME-treated serum, and on fractions obtained by ultracentrifugation in a saline gradient.
As shown in Table I , rapidly sedimenting molecules were susceptible to inactivation by 2-ME; slowly sedimenting molecules were usually not. In the 17 day serum, k was increased when 2-ME was added. This apparent increase in neutralizing capacity of slowly sedimenting antibody after 2-ME treatment occurred frequently throughout these experiments.
Thus, the sedimentation properties of guinea pig antibody molecules are correlated with their susceptibility to 2-ME: i.e., rapidly sedimenting in contrast to slowly sedimenting antibody is inactivated by 2-ME.
In the remainder of this paper, 2-ME susceptibility will be used to classify antibody molecules as either rapidly or slowly sedimenting. For simplicity, these two classes will be called 19S and 7S, since, by analogy with other mammalian gamma globulins, these are the probable sedimentation constants. It should be kept in mind, however, that the precise Svedbergs of these molecules have not been determined, and that other types of gamma globulin may be included in these two groups. For example, if a class of intermediate sedimenting antibody, recently described by Rockey and Kunkel in humans (16) , also occurs as an antibody to ~X in guinea pigs, such antibodies would be included in the 19S group.
Half-Life of 19S Homologous Antibody.--Previons studies of a n t i~X formation in guinea pigs demonstrated that between 1 and 2 weeks after immunization, there was a change in serum antibody molecules from 19S to 7S (6) . This observation suggested that synthesis of 19S had stopped, and that 19S molecules have a relatively short half-life.
To investigate the fate of 19S molecules, 3 guinea pigs were injected with 10 n ~X and bled at 7 days. Their pooled serum had a k value of 8.0 and all antibody activity was lost after 2-ME treatment. A pool of 7S anti-q~X with a k of 6.2, was obtained from the same animals 3 to 4 weeks after immunization. 0.5 ml of 19S anti-qSX was injected intravenously into each of four 400 gm guinea pigs and 0.85 ml of the 7S anfi-qSX into each of 3 guinea pigs. The animals were bled at intervals, and the k value of the sera was determined.
The mean biological half-life of 19S anti-~bX was 25.8 hours (range 23 to 31); an equilibration between intra-and extravascular compartments was observed in 2 of 4 animals. I n agreement with others (17), the mean half-life of 7S antibody activity was 5.5 days (range 5 to 6) following an initial equilibration in all. Fig. 1 shows the results for one representative animal of each group.
Taliaferro and Talmage (18) have shown that large antibody molecules in the rabbit with hemolytic activity to sheep red cells have a half-fife of approximately 3 days, in contrast to small molecules of similar specificity which have a half-life of approximately 5.5 days.
Kinetics o/the Primary 19S Antibody Response.--Previons studies of the kinetics of 19S anti-~X formation revealed an initial exponential increase in serum antibody with a similar relative rate 1 of antibody formation over a 104 dose range of phage (6) . 109 ~X of a different preparation (A), usually stimulated a 19S response without a detectable 7S response. 2 I t was thus possible to i The term "relative rate of antibody formation" has been used for the rate constant k of the exponential rise of serum antibody (in the form d 't) and represents the slope of that curve plotted on semilogarithmic paper. The time required for doubling the serum antibody level is one measure of the relative rate.
2 The antigenicity of different preparations of bacteriophage ~bX 174 may vary considerably. For example, a preparation of ~bX previously described (6) was consistently capable of immunizing guinea pigs with as little as 104 plaque-forming particles. In contrast, the two preparations of q~X used in this study required approx4mately l08 plaque-forming particles to immunize detectably. The fiters of the freshly prepared lysates before purification in these two groups were comparable as was the low endotoxin content of the purified material suggesting that the immunogenic difference observed is not primarily due either to differences in total phage concentration or endotoxin content. study the decline in 19S antibody levels without interference by 7S formation. This decline could also be analyzed, but less accurately, in the presence of 7S antibody formation by performing titrations on both untreated and 2-MEtreated antiserum and subtracting k values. The kinetics of anti-q~X formation was studied in groups of 2 to 5 animals injected with varying doses of ~bX: 109, 109 with endotoxin, and 10 it. Fig. 2 shows the kinetics in 4 representative animals. Three animals imm , nlzed with either 10 u, 109 (A), or 109 (A) with endotoxin had a similar relative rate of antibody formation; i.e., the time for doubling the serum antibody levels was approximately 7 hours. Of 12 animals receiving 109 or 1011 ~X, all but three had a doubling time between 6 to 8.5 hours. These three animals, however, each of which received 10 ° ~bX (A) (one is shown in Fig. 2 "threshold" dose of antigen. Below this dose, lower relative rates of antibody formation can be obtained. Since serum antibody cannot be measured until q~X is eliminated from the circulation (3 days after immunization), it is possible that a greater relative rate of antibody synthesis preceded the observed relative rate; such a sequence was described by Taliaferro and Taliaferro for hemolysin production in rabbits (19, 20) .
It can also be seen that within 10 days after injection of 10 9 or 1011 ~bX, 19S formation virtually ceased in these animals as shown by the similarity in the rates of decline of their serum antibody and of passively administered 19S antibody in normal animals.
Johnson et al. (21) have shown that endotoxin administered to rabbits at the time of immunization nonspecifically increased the antibody titer at 1 week; this effect was not obtained in guinea pigs. In the present study, the injection of endotoxin with 109 ~X, did not significantly affect either the relative rate of antibody formation or the peak titer, but 19S antibody levels remained higher for a longer period of time in all of 3 guinea pigs tested. This finding can be interpreted as a prolongation of 19S antibody synthesis by administration of endotoxin, since passively administered 19S antibody had the expected half-life of 24 hours in a guinea pig injected with endotoxin 10 days previously.
Kinetics of the Primary 7S Antibody Response.--The kinetics of 7S antibody
formation was determined by measuring antibody in the presence of 0.1 2-ME. Groups of 2 to 6 animals were injected with 109-1011 ~X and bled at intervals. Some of these animals had been bled previously for determination of the kinetics of 19S antibody formation. Fig. 3 shows the results in 3 representative animals injected with either 109 (B), 10 I°, or 1011 q~X. In each, serum antibody was detected on day 7 or 8, and antibody levels rose exponentially for 4 to 5 days. As can be seen, the relative rate of antibody formation increased as the dose of phage for immunization was increased. The mean doubling times in hours for 2 animals receiving 109 ~X (B) was 22 (19 and 24) ; for 4 animals receiving 5 X 109 (A), 24 (range 17 to 31) (not shown in Fig. 3) ; for 5 animals receiving 101°, 17 (range 15 to 19); and for 5 receiving 1011, 14 (range 11 to 17). In contrast to the primary 19S response, there was no evidence that a maximal relative rate of 7S formation had been obtained.
Following this exponential phase, synthesis continued at a slower relative rate for at least several weeks as indicated by rising or maintained serum antibody levels in all guinea pigs tested. Three animals were primarily immunized with 2 X 10 l° ~X (distributed into all 4 footpads) and bled 8 and 10 months later. Serum k was 31, 71, and 79 at 8 months, and was essentially unchanged at 10 months, indicating that during this period of time substantial amounts of 7S had been formed.
KineIics of the Secondary Antibody
Response.--It was previously shown that the secondary anti-~X response has a relative rate approximately equal to, or occasionally less than, the primary response (6). Groups of 2 guinea pigs previously immunized with either 10 9 (B) or 1011 4~X were challenged 4 weeks later with either 10 9 (A), 101°, or 1011. Serum was obtained at intervals after secondary challenge. Fig. 4 shows representative animals of the 4 groups studied: A, B, and C were injected 4 weeks previously with 10114~X and then injected for the second time with either 1011, 101°, or 109 q~X, respectively. As can be seen, the relative rate of antibody formation decreased as the dose of antigen for secondary challenge was decreased.
The doubling times for the two animals in the 101 z challenged group were These observations suggest that in the secondary response the dose of antigen in relation to the size of the sensitized cell population determines the relative rate of antibody formation.
If the more rapid relative rates obtained in these studies are corrected for the contribution of 7S antibody from the primary response, relative rates are obtained which fall in the range of the maximal primary 19S rates. It is possible, of course, that even more rapid 7S relative rates can be obtained since these experiments did not indicate that a maximal rate was achieved. Moreover, since no information was obtained on the kinetics of secondary antibody formation until 2 to 3 days after challenge, the initial relative rates of synthesis may have been higher than the observed rates.
Effect of Whole Body X-Irradiation on 19 and 7S Antibody Response in Rabbits.--The studies above of the primary 7S response indicated that the exponential phase of anti-4~X formation was not detected until approximately 1 week after immunization. It was possible, therefore, that ceils destined to make 7S antibody had not yet been stimulated by antigen; and, in accord with current hypothesis (22) , might have an antibody synthesizing mechanism that was relatively susceptible to ionizing radiation. Accordingly, 8 rabbits were immunized with 101° ~X, 24 hours later received 400 r whole body x-irradiation, and after a further 24 hours, 4 were injected with 109 T2. A second group received in order: T2, x-irradiation, and ~X; a third group injected with ~X was not x-irradiated.
The purpose of the T2 immunization was to exclude the possibility of a non-specific protective effect on lymphoid tissue from injection of bacteriophage as previously described for carbon particles (23) . Sera were obtained at weekly intervals from all animals. Table II shows the results of the antibody determinations. At 1 week, 19S anti-q~X formation was similar in unirradiated controls and in animals receiving CX prior to irradiation. However, at 2 to 4 weeks, 5 of 8 animals in the latter group were continuing to produce large amounts of 19S. By comparison with the unirradiated controls, the onset of the primary 7S response did not appear to be delayed in the group receiving CX before irradiation; indeed, larger amounts of 7S were formed. The group irradiated before injection of ~bX developed only trace amounts of anti-q~X, as expected.
Thus, x-irradiation after immunization did not prevent the primary 7S response. Taliaferro and Taliaferro (24) and Dixon (25) have shown that x-irradiation administered to rabbits after injection of antigen increases the peak titer of the antibody response. The present studies indicate that this effect results from both prolongation of 19S synthesis and formation of increased amounts of 7S.
Effect In the controls, anti-T2 k's 5 days after T2 injection on day 9 were less than 1, the expected values. Thus, the prompt rise of 195 levels in the 9 day group indicated that the same population of cells that had previously produced 195 was again synthesizing antibody; otherwise a delay of 5 days or longer would be expected before a new popula- On the left, both animals were injected with 101° ~bX, and one was reinjected with 1011 ~X on day 5. On the right, both animals received 5 X 10 9 ~bX; one was reinjected on day 9 with 1011 ~bX, and the other with 101° T2. tion of cells had produced enough antibody to affect, noticeably, existing antibody levels. Two alternative possibilities had been excluded b y the T~ control group: (a) a non-specific effect of the additional ~bX on anfi-q~X formation, and (b) a non-specific change in the lymphoid organs of immunized animals that would allow previously uncommitted cells to give an accelerated anti-~bX response to the second injection of ¢X. I n this experiment, therefore, the cessation of 19S synthesis was due to antigen depletion.
This experiment also showed that the prolongation of 19S synthesis by injection of ~X on either day 5 or 9 did not noticeably alter the time of onset of 7S formation. As expected, however, the relative rate of 7S formation was increased by the additional ~X, but was still less than maximal relative rates obtained in the primary 19S response.
The Relationship of the Primary 19S and Primary 7S Responses to Preparation for a Secondary Response (Immunological Memory).--The inability to
detect substantial amounts of 19S during a secondary antibody response 3 suggested that 19S formation might not lead to immunological memory. It was possible to test this hypothesis since injection of 109 ~X (A) resulted in a 19S response without detectable 7S.
Four guinea pigs were injected with 109 ~X(A), and 4 weeks later 2 were reinjected with 109 (A) and 2 with l0 n ~X. One animal in each group was reinjected for the third time 4 weeks later with 109 ~X (A). Sera were obtained at frequent intervals after the second and third injections. Fig. 6 shows the results of separate antibody responses to three injections in two representative animals. The first 109 (A) response is the expected one (see Fig. 2) ; the second and third responses represent observed values. It was not practical to attempt three series of bleedings in the same animal. As can be seen, the second and third injections of 109 ~X (A) given at 1 month intervals resulted in 19S responses closely resembling the response to the first injection, (peak k ~ 5). The other animal in that group died shortly after the third injection, but its response to the second injection also resembled the primary 19S response. Fig. 6 also shows a representative response of one of two animals injected for the second time with 1011 ~X. This second 19S response closely resembled the primary one to 1011 ~X (Fig. 2) , and in addition was followed by the expected primary 7S response (as in Fig. 3 ). Rechallenge after another 4 weel~s with 109 ~bX (A) resulted in a secondary 7S response 4 (as in Fig. 4) . Eleven other animals injected with 109 (B) or 1011 q~X all developed a primary 7S response and 7S immunological memory.
The failure of a primary 19S response to lead to immunological memory could be due to a quantitative deficiency in the antibody response. I t was therefore necessary to relate the neutralizing capacity (k) to the concentration 8 When 19S and 7S anti-~X were mixed in varying ratios and titered with and without 2-ME, 19S was consistently detected at concentrations of 15 per cent or more of the total serum k. 4 Our studies have revealed four differences between the secondary compared to the primary 7S response to the same dose of antigen. These are: (1) "latent period" shorter; (2) greater, absolute rate of antibody formation; (3) higher peak titer; and (4) peak titer reached earlier.
It is not known if these criteria will be useful for other antigens or animal species; or whether or not a first and second response to antigen should be compared with reference to the class of 7-globulin. of antibody present. Double Preer agar diffusion was used to determine if precipitating antibody was present, since only small amounts of ~X are required for this procedure. Using ~X or a sonicated preparation of E. coli C as antigen, the following sera were tested: six 19S sera, obtained from 6 guinea pigs immunized with 109 ~X (A or B), including 2 of the preceding animals; two 7S sera obtained during a primary response; and 2 sera obtained during a secondary 7S response. All 19S anti-C~X sera with ~X, but not E. coli, as antigen formed a single line of precipitation close to the antibody layer after 1 to 2 weeks. A 19S serum with a higher k was diluted 1:10 in saline or 0.1 2-ME. The presence of 2-ME prevented the development of the precipitation line. The four 7S sera each formed a precipitation line that was closer to the antigen layer. There was no indication from serial dilutions that antibody formed during the 7S primary response was grossly less efficient in neutralization than 19S. To confirm and extend the results of the first experiment, an additional experiment was performed in which groups of 4 guinea pigs were immunized twice, i month apart with 3 × l0 s, 109, 3 × 109, or 6 × 109 ~X (A). Serum was obtained weekly for 4 weeks after the first injection, and 1 week after the second. Table III summarizes the results of this experiment. In the 3 X l0 s and 109 groups, and in one animal in the 3 X 109 group, the first and second responses were remarkably similar, both consisting of 19S without detectable 7S. A1-though 5 of 9 animals had a higher peak titer during the second 19S response compared to the first, the mean k's of the two responses were not significantly different: first response, 0.59 (0.043 to 2.2); second response, 0.54 (0.075 to 1.4). In those animals receiving 6 X 109 and in two receiving 3 X 109~X, a primary 19S response was followed by a primary 7S response and 7S immunological memory. These results confirm those of the previous experiment.
One group of four guinea pigs that received 3 X 109 q~X (A) twice, one month apart, showed three different types of antibody responses. Two guinea pigs developed both a 19S and 7S response, and two developed only 19S. Of the latter group, one animal in contrast to the others in this experiment, showed 7S immunological memory (Table III) . This animal also developed a detectable 19S response during the secondary 7S response. One of two other guinea pigs shown in Table III that received endotoxin with their first injection behaved in an analogous fashion. In these two animals which developed 7S immunological memory without a detectable primary 7S response, undetected amounts of 7S may have been present, or perhaps the threshold of antigen for proliferation of 7S cells is less than that for detectable 7S synthesis, as previously suggested in specific-precipitate-immunized guinea pigs (26) .
DISCUSSION
The studies reported here extend previous observations on the kinetics of the primary and secondary antibody responses to bacteriophage ~X 174 in the guinea pig (6) .
It has been shown that 19S antibody (19S) formation is short-lived; it virtually ceases within 10 days after injection of 10 n ~bX particles (4 to 6 days after completion of the exponential phase of antibody synthesis) and 19S serum levels then decline with a half-life of approximately 24 hours. The duration of 19S synthesis can be prolonged for several days, however, by a second injection of ~X given 5 or 9 days after the first (Fig. 4) . If the second injection is given on day 9, serum antibody levels begin to rise within 24 hours, indicating synthesis by the same population of cells which previously produced 19S. If a new population of cells had responded, a delay of 5 to 7 days would have been expected before antibody production was sufficient to increase noticeably the existing high serum antibody level. In these experiments, therefore, cessation of 19S synthesis was due primarily to antigen lack. Stated from another viewpoint, there is at least one immune response, primary 19S formation, in which the presence of antigen appears to be necessary for continued synthesis of antibody. Other physiological factors may possibly place an upper limit on the prolongation of 19S formation by antigen. For example, the duration of 19S synthesis was also increased by either injection of endotoxin with antigen or, more strikingly, by 400 r whole body x-irradiation 24 hours after antigen injection. Although both experimental procedures may affect antigen catabolism, irradiation may also have been effective by its removal of neighboring non-antlbody producing cells and/or the local increase of nucleotides (27) .
At approximately the time that the relative rate (see footnote 1) of 19S synthesis declines, 7S antibody (7S) formation can first be definitely detected. The cause for the delay in 7S production is unknown. This delay is probably not due to failure of antigen to make contact with a "prepared" cell, since antigen circulates for at least 72 hours, and it cannot be attributed to different efficiencies in neutralization of ~X by 19S and 7S according to agar diffusion studies. Presumably, the delay in 7S synthesis represents the time for completion of other events, possibly 19S synthesis. In marked contrast to 19S synthesis, formation of substantial amounts of 7S have been demonstrated 10 months after a single injection of phage-in-saline, suggesting that 7S synthesis may continue for the lifetime of a guinea pig. Thus, if persistence of antigen is essential for continuation of synthesis of all classes of antibody, it can be concluded that the 19S system is rapidly depleted of antigen, the 7S system is not.
Further experiments on the kinetics of anti-4~X formation indicate that antigen may play a role in the regulation of the relative rate of antibody synthesis. Below a critical level of antigen, the relative rate of antibody formation is antigen-dependent. Above this level, at least in the primary 19S response, the rate appears to be antigen-independent with a maximal rate of 6 hours for doubling the serum k. This maximal rate cannot be explained solely on the basis of proliferation of a population of antibody-producing cells, since previous studies of lymphoid and other mammalian ceils suggest 10 to 12 hours as a maximal rate for mitosis (28) (29) (30) ; nor can this rate be attributed to the continual recruitment of immunologically virgin cells for antibody formation, since similar rapid rates were obtained in the secondary response in which antibody formation by previously uncommitted ceils would not be noticeable. These findings have led to the conclusion that during the exponential phase, the absolute rate of antibody formation per cell is increasing; and, as previously suggested (6) at a constant rate (i.e., the relative rate is constant). To explain the exponential character of this increase, a differentiation process within the antibody producing cell must be invoked, for example, replication of ribosomes.
Although maximal rates were obtained in the primary 19S response, and probably in the secondary 7S response, there was no evidence that even two injections of q~X, 5 or 9 days apart, stimulated maximal kinetics in the primary 7S response. This finding was unexpected, since factors operating against maximal rates of antibody synthesis in the primary 7S response (excess serum antibody, larger cell population than that engaged in primary 19S synthesis, etc.) would be expected to be more active in the secondary 7S response. In addition, the amount of antigen necessary to stimulate a detectable antibody response was larger for the primary 7S response than for either the primary 19S response, or the secondary 7S response. These operational differences suggest differences in the mechanisms responsible for these three antibody responses but do not indicate whether a single or different cell type is responsible.
Perhaps the most provocative finding to emerge from these studies is the relationship of the 19S-and 7S-producing mechanisms to preparation for a secondary 19S or 7S response (immunological memory). The short-lived nature of 19S synthesis and the failure to detect significant amounts of 19S during a secondary 7S response raises the possibility that the 19S mechanism does not lead to immunological memory. Strong evidence for this possibility was the finding that small doses of q~X (3 X 108 and 109 (A)) which stimulated 19S formation without 7S in guinea pigs did not lead to immunological memory. Of 12 animals reimmunized 1 month later with the initial small dose of ~X, all showed a second 19S response which closely resembled the primary one, and all failed to develop detectable 7S at 1 week. Indeed, in one guinea pig that received a third injection of 109 ~X (A) after an additional 1 month interval, there was a third 19S response without detectable 7S (see Fig. 6 ). Although there was no significant difference between the mean peak k's of both 19S responses in ten animals whose sera were titered at the same time, five of them had a higher peak k during the secondary compared to the primary 19S response. In any event, the striking immunological memory displayed by the 19S system after reimmunization on day 9 (see Fig. 4 ) did not persist for 1 month. In contrast to the above group, all 15 animals that developed a primary 7S response, including those with barely detectable 7S, developed 7S immunological memory that was clearly demonstrated at one month (see Table III and footnote 4).
It is unlikely that the failure of the 19S response to persist and lead to immunological memory can be explained by a quantitative deficiency in the 19S response, since in this group that did not develop 7S immunological memory: (a) 19S precipitating antibody to ~X was demonstrated by double Preer agar diffusion in all 5 sera tested, indicating that a minimum of several micrograms of antibody protein/ml was present; (b) the primary 19S response of two of these animals was greater than the primary 19S response of two guinea pigs that d/d develop 7S immunological memory. These findings suggest that, in contrast to 7S, the 19S mechanism does not develop a persisting immunological memory.
At least four possibilities could account for the failure of the cells responsible for 19S formation to continue antibody synthesis and develop persisting immunological memory: (a) death of cells; (b) repression of 19S mechanism; (c) transfer of immunological information from cells making 19S (from a clonal selection viewpoint, the small lymphocyte (31)) to cells that can then form 7S antibody (the large lymphocyte (30)) by a transformation process; (d) antigen depletion, if antigen is essential for immunological memory.
Our studies support the latter possibility and suggest that the level and retention of antigen by immunologically competent cells may function as a major controlling mechanism for regulating several important immunological functions.
SUMMARy
Injection of a sufficient dose of bacteriophage ~bX 174 into guinea pigs results in the formation of rapidly sedimenting antibody molecules (19S), and later, slowly sedimenting molecules (7S). Above a threshold dose of antigen, the relative rate of 19S formation is maximal and dose-independent; below this dose, slower relative rates are obtained. The time for doubling the serum 19S level is as short as 6 to 8 hours, suggesting that the absolute rate of antibody formation per cell is increasing in addition to proliferation of antibodyproducing cells. Synthesis of 19S after injection of 10 I° qbX virtually ceases at 10 days after which 19S antibody activity disappears from the circulation with a half-life of approximately 24 hours. A second injection of ~X on day 5 or 9 prolongs 19S synthesis, indicating that antigen not only can regulate the relative rate, but also is essential for continued synthesis of 19S. 19S synthesis is also prolonged in guinea pigs by injection of q~X with endotoxin or by 400 r whole body x-irradiation 24 hours after injection of phage into rabbits.
The primary 7S response is not detected until approximately 1 week after immunization and relative rates are antigen-dependent. Primary 7S synthesis can continue for many months and leads to preparation for a secondary antibody response (immunological memory) during which only 7S is detected. In contrast, in animals that form precipitating 19S without detectable 7S, a second injection of phage 1 month later results in a second 19S response which closely resembles the first. These findings have led to the suggestion that formation of 19S does not lead to persisting immunological memory.
